Chemically cross-linked animal tissues, such as porcine aortic valves (PAVs) have many documented advantages over mechanical valves. However, calcification is the major underlying pathologic process that results in bioprosthetic valve failure. Recently, several reports described the expression of noncollagenous bone matrix proteins in bioprosthetic valves and suggested an actively regulated process of tissue repair.
INTRODUCTION
Surgical replacement of diseased heart valves using mechanical or biological valves is now commonplace and enhances survival and quality of life for many patients. Mechanical valves have a functional life span of at least 25 years but require lifelong anticoagulation therapy to minimize risks of thrombosis and embolism [Hammermeister 2000; Khan 2001; Minakata 2015] . Bioprosthetic valves, especially homografts, have better hemodynamic characteristics and avoid long-term anticoagulation therapies, but their supply is limited [Birkmeyer 2000; Saleeb 2014 ]. As an alternative, chemically cross-linked animal tissues, such as porcine aortic valves (PAVs), are used widely and have been confirmed to have superior hemodynamic and thromboresistant properties compared to mechanical valves [Skowasch 2006; Alsoufi 2009 ]. However, these bioprosthetic valves fabricated from animal tissues have a higher rate of failure. Within 10 years following implantation, approximately one third of bioprosthetic valves require replacement, increasing to two thirds by 15 years [Schoen 2005 ].
Calcification is the major underlying pathologic process that results in bioprosthetic failure. It is generally considered to be related to host factors (eg, young age, uremia, hyperparathyroidism) , tissue fixation conditions (eg, chemical cross-linking), immune response, and mechanical stress [Levy 1983; Nimni 1988 ]. However, these mechanisms of calcification, although concordant with the known data on cellular location of calcium phosphate deposition, do not fully explain the concurrent process of bioprosthetic calcification. Recently, emerging evidence has demonstrated the 
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expression of noncollagenous matrix proteins in calcific bioprosthetic valves [Srivatsa 1997; Shetty 2006; Butany 2007 ], suggesting that bioprosthetic calcification is also an active, cell-mediated process.
In this study, we hypothesized that the implantation of glutaraldehyde cross-linked PAVs attract and activate host nonbone mesenchymal cells and induce them into osteoblast-like cells. These "new" cells would express and secret bone-associated proteins under the control of specific transcription factors. To evaluate this hypothesis, we collected 31 explanted PAVs and examined the protein expression implicated in myofibroblast activation, osteoblast differentiation, and bone matrix deposition.
MATERIALS AND METHODS

Patients and Samples
This investigation was a retrospective chart review study. The use of tissues explanted from humans was approved by the institutional committee for human research of Changhai Hospital, and informed consent was obtained from all the subjects. Explanted PAV cases were identified from the pathology archives of the Department of Cardiothoracic Surgery, Changhai Hospital, between 1964 and 2010. Cases that did not show evidence of calcific degeneration, had active endocarditis, or had unknown implantation-resection interval were excluded. The remaining cases were then individually assessed for patient demographic data, reason for valve replacement, implant duration, and pathologic data. In addition, 10 unused PAV specimens were collected and served as controls.
Histological Analysis
Decalcified and fixed tissues were processed for routine paraffin embedding. PAVs were excised vertically to the base at the midpoint. Paraffin-embedded materials were cut into 5-μm sections and deparaffinized for hematoxylin and eosin (H&E) staining. Alizarin red staining was used to assess calcification in PAVs. The degree of calcification was graded by inspection of gross and histological analysis: grade 1 had small, isolated calcific nodules; grade 2, moderate, patchy nodules up to 1 mm in length; grade 3, severe nodules up to 2 mm in length; grade 4, very severe, diffuse nodules capable of puncturing through the cusp surface.
Immunohistochemical Analysis
Paraffin-embedded materials were cut into 5-μm sections and deparaffinized. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide for 30 minutes. Antigen retrieval was accomplished by either of a 15-minute microwave pretreatment or a 30-minute water bath pretreatment in citrate buffer (0.01 M, pH 6.0). After incubation with protein block serum-free (Fuzhou Maixin Biotechnology Development Co., Fuzhou, China), sections were incubated with primary antibodies (Table 1) diluted with antibody diluents (Fuzhou Maixin) overnight at 4°C. Subsequently, they were incubated with the biotinylated secondary antibody and streptavidinperoxidase complex at room temperature for 15 minutes each (streptavidin-peroxidase kit, Fuzhou Maixin) and visualized with 3,3′-diaminobenzidine (DAB, Fuzhou Maixin ). Nuclear counterstaining was with hematoxylin.
Semiquantitative Evaluation of Immunohistochemical Labeling
The immunohistochemical findings were evaluated by 2 pathologists, who were blinded to all data. For evaluating vimentin, α-smooth muscle actin (α-SMA), proliferating cell nuclear antigen (PCNA), alkaline phosphatase (ALP), Cbfa1/ Runx2, and osterix, the numbers of immunoreactive cells for each of the antigens (per mm 2 ) were counted. Immunoreactivity score for osteopontin, osteocalcin, and bone sialoprotein (BSP) was calculated by multiplying the scores for intensity (1-4) and extensity (0%-100%) as previously published. Sections with no staining and weak, moderate, and intense staining were assigned scores of 0, 1, 2, and 3, respectively [Detre 1995] .
Statistical Analysis
Data are expressed as the mean ± standard deviation, and statistical analysis was performed with GraphPad software The Heart Surgery Forum #2018-2033
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(GraphPad Software, La Jolla, CA, USA). Normally distributed variables were analyzed by using the Student t test, and nonnormally distributed variables were analyzed by using the Wilcoxon signed rank test. Pearson correlation analysis was used to examine the relationships between continuous variables. P value < .05 was considered statistically significant for all tests.
RESULTS
Patients
A total of 31 explanted PAVs were obtained from patients who underwent reoperation due to calcific degeneration of PAVs at Changhai Hospital from 1964 to 2010. As shown in Table 2 , 8 patients were male and 23 were female. The mean age of patients at the time of valve implantation ranged from 21 to 67 years (37.8 ± 12.8 years), whereas the mean age at explantation ranged from 31 to 76 years (49.3 ± 11.0 years). The mean duration of implant was 11.5 ± 5.6 years, ranging from 12 months to 28 years. Four PAVs (13%) were explanted ≤5 years after implantation; 10 (32%) were explanted between 6 and 10 years after implantation; 12 (39%) were explanted between 11 and 15 years after implantation; 3 (10%) were explanted between 16 and 20 years after implantation; and 2 (6%) were explanted >20 years after implantation.
Histopathological Features
Unused PAVs consisted of 3 layers: fibrosa, spongiosa, and ventricularis. Valvular interstitial cells were the most abundant cells in the unused PAVs and were dispersed throughout all 3 layers ( Figure 1A) . All explanted PAVs demonstrated dense and nonlayered histology, with extensive native cell loss ( Figure 1B) . Collagen fibers were degenerative and fragmented ( Figure 1C ). Host mesenchymal cells infiltrated and penetrated deeper layer of PAVs ( Figure 1D ). Scattered mononuclear infiltrates ( Figure 1E ) were observed in 2 cases though neither one of these cases was associated with infectious microorganisms. Mild or moderate fibrous pannus ( Figure 1F ) was found in all explanted PAVs, and chronic inflammatory cell infiltrates could be seen. One case showed a foreign-body giant cell response to the PAV tissues ( Figure  1G ). The presence of osseous metaplasia and chondromatous metaplasia was not observed in any of the explanted PAVs.
Calcification of Explanted PAVs
Seven of the explanted PAVs (23%) showed evidence of calcification on gross inspection. On histological examination, alizarin red staining demonstrated calcification in explanted PAVs ranging from focal to a large amount of calcium deposition ( Figures 2B-D) , whereas unused PAVs were negative for alizarin red staining (Figure 2A ). Pearson correlation analysis ( Figure 2E ) showed a significant relationship between the duration that PAVs were implanted and valvular calcification (r = 0.3818 , P = .034).
Evidence of Myofibroblast Activation in Explanted PAVs
Cellular density was significantly decreased in explanted PAVs compared to unused PAVs. The number of vimentinpositive mesenchymal cells in explanted PAVs was significantly lower than that of unused PAVs ( Figure 3A , 113.0 ± 33.2 versus 718.7 ± 103.0; P < .01). In contrast, α-SMApositive myofibroblast activation was very low in unused PAVs, but robustly increased in explanted PAVs (Figure 3B , 13.4 ± 12.5 versus 80.9 ± 29.2; P < .01). Furthermore, in 6 explanted PAVs, α-SMA-positive myofibroblasts formed clusters close to the calcific nodules. Immunohistochemistry evaluation of PCNA showed a significant increase in proliferation activity of cells in explanted PAVs as compared with unused PAVs (Figure 3C , 5.4 ± 3.4 versus 42.1 ± 20.7; P < .01). 
Evidence of Osteoblastic Differentiation in Explanted PAVs
Cbfa1/Runx2 and osterix are 2 osteoblast specific transcription factors. As shown in Figure 4 , the protein expression of these 2 transcription factors was weak in unused PAVs, whereas increased expression of Cbfa1/Runx2 ( Figure 4A ) and osterix ( Figure 4B ) was found in explanted PAVs. The number of Cbfa1/Runx2-positive cells in explanted PAVs was significantly higher than that in unused PAVs (0.6 ± 1.6 versus 38.0 ± 14.1; P < .01). Similarly, osterix-positive cells in explanted PAVs was significantly higher than that in unused PAVs (36.1 ± 7.2 versus 52.7 ± 19.1; P = .0126). ALP is an earlier marker for osteoblast differentiation and a Ca2+-binding glycoprotein. Immunohistochemistry showed that ALP was positive in all explanted PAV cases ( Figure 4C ), whereas it was negative in all unused PAVs.
Evidence of Noncollagenous Bone Matrix Deposition in Explanted PAVs
BSP was diffusely expressed and present throughout the fibrosa, spongiosa, and ventricularis, including in valvular endothelial cells, valvular interstitial cells, and extracellular matrix fibers ( Figure 5A ). Immunohistochemical staining of osteocalcin was negative in the unused PAVs ( Figure 5B ). Osteopontin was weakly expressed in the unused PAVs and mainly confined to valvular interstitial cells ( Figure 5C ). In explanted PAVs, the expression level of osteopontin, osteocalcin, and BSP was significantly increased ( Figure 5 ). They were present throughout the valves, including cells and extracellular matrix fibers. Quantitatively, significant differences in osteopontin (1.1 ± 1.9 versus 223.2 ± 66.1; P < .01) and BSP (35.9 ± 30.8 versus 131.1 ± 44.4; P < .01) were found between unused and explanted PAVs.
DISCUSSION
Ectopic calcification, once believed to be a passive degenerative process, is now viewed as an active process, with evidence suggesting that it follows a mechanism similar to that of bone formation [Brandenburg 2017; Ciavarella 2017; Pillai 2017] . In this study, our observations using a panel of antibodies against several ossification regulatory proteins support the assumption that bioprosthetic calcification, rather than being attributable to time-dependent passive calcium deposition, is a tightly regulated and cell-mediated active process ( Figure 6) .
Recently, a growing number of studies of have identified the abnormal expression of noncollagenous matrix proteins in bioprosthetic valves [Shen 1997; Srivatsa 1997; Shetty 2006 ]. These matrix proteins such as osteocalcin, osteonectin, and osteopontin may regulate calcification by actively coordinating the recruitment of cellular elements and calcium phosphate required for calcification. Comparable results were obtained in our studies in which we found several noncollagenous matrix proteins, including calcification activators and inhibitors, were accumulated in explanted PAVs. Osteopontin is a secreted, integrin-binding glycophosphoprotein that binds calcium and mediates cell attachment [Singh 2014 ]. It is present in calcific vessels [Lomashvili 2004; Cho 2009] and valves [Yu 2009 ] and demonstrates itself as a calcification inhibitor. It has been confirmed that osteopontin inhibits mineralization of vascular smooth muscle cells by binding to the mineralized crystal surface [Jono 2000 ]. Osteocalcin is the most abundant noncollagenous protein present in bone and accumulates in sites of ectopic calcification [Lian 1988 ]. It was generally thought that osteocalcin inhibits crystal growth and limits bone formation [Levy 1983 ]. BSP is a secreted glycoprotein and is known to promote nucleation of hydroxyapatite crystals in vitro, and the protein binds to hydroxyapatite via long acidic amino acid stretches [Zhou 1995] . Reduced production of BSP is consistent with reduced matrix calcification in NCadΔC-expressing cultures [Cheng 2000 ].
Studies in different species have shown that various osteoblasts or osteoblast-like cells serve as a cellular source of noncollagenous matrix proteins. In general, bioprosthetic valves Mean implant duration (y) 11.5
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are treated with glutaraldehyde, which increases tissue durability and devitalizes valvular native cells [Schoen 2005 ]. Accordingly, it has been suggested that osteoblast-like cells in bioprosthetic calcification originated from host mesenchymal cells.
Although the origin of these osteoblast-like cells within the explanted PAV was not clearly defined in our study, we speculated that activated myofibroblasts might undergo cell differentiation and express an osteoblast-like phenotype. In support of this speculation, we found that explanted PAVs were composed of α-SMA-positive myofibroblasts, which in some areas formed cellular clusters close to calcific regions. Myofibroblasts are active synthetic cells that take part in active tissue remodeling; therefore, the presence of α-SMA -positive cells in explanted PAVs may reflect the active synthesis of extracellular matrix in areas in which calcific matrix is deposited. The differentiation of osteoblasts from mesenchymal precursors requires a series of cell fate decisions controlled by a hierarchy of transcription factors. Cbfa1/Runx2, a runt family transcription factor, is required for early mesenchymal commitment to osteoblastic lineages. Cbfa1/Runx2−/− mice show complete lack of both intramembranous and endochondral ossification because of the absence of osteoblast differentiation [Komori 2005 ]. Elevated Cbfa1/Runx2 expression has been found in calcific vascular and valvular diseases [Shao 2006; Miller 2010] . Osterix, a zinc-finger-containing transcription factor that is known to be downstream of Cbfa1/ Runx2 [Nishio 2006 ], is expressed in osteoblasts of all endochondral and membranous bones. Osterix−/− mice also show the complete lack of both intramembranous and endochondral ossification because of the absence of osteoblast differentiation [Nakashima 2002 ]. ALP, a key marker for osteoblast activity, is a membrane-associated enzyme that converts organic phosphate into orthophosphate to form hydroxyapatite crystals [van Straalen 1991] . A high level of bone ALP activity is necessary to ensure adequate mineralization of bone, as inhibiting the activity of this enzyme is associated with impaired skeletal development [Calero 1999 ]. In the present study, we have observed in explanted PAVs a population of cells expressing Runx2, osterix, and ALP, indicating the presence of cells with an osteoblast-like phenotype.
In conclusion, these results confirmed that PAV calcification was not just a purely degenerative and passive process. In some respects, the process was a cell-mediated biologically regulated process that-like osteogenesis-involves both activators and inhibitors. It is no doubt the imbalance between these calcification activators and inhibitors may result in the formation of ectopic calcification at a given site.
